Abstract This study was designed to investigate whether reduced adenosine formation linked to deficits in extracellular ATP hydrolysis by NTPDases contributes to detrusor neuromodulatory changes associated with bladder outlet obstruction in men with benign prostatic hyperplasia (BPH). The kinetics of ATP catabolism and adenosine formation as well as the role of P1 receptor agonists on muscle tension and nerve-evoked [ ) or (2) extracellular adenosine accumulation with dipyridamole or EHNA, as these drugs inhibit adenosine uptake and deamination, respectively. In conclusion, reduced ATP hydrolysis leads to deficient adenosine formation and A 1 receptor-mediated inhibition of cholinergic nerve activity in the obstructed human bladder. Thus, we propose that pharmacological manipulation of endogenous adenosine levels and/or A 1 receptor activation might be useful to control bladder overactivity in BPH patients.
H]ACh was higher (P<0.05) in detrusor strips from BPH patients. The extracellular hydrolysis of ATP and, subsequent, adenosine formation was slower (t 1/2 73 vs. 36 min, P<0.05) in BPH detrusor strips. The A 1 receptor-mediated inhibition of evoked [ 3 H]ACh release by adenosine (100 μM), NECA (1 μM), and R-PIA (0.3 μM) was enhanced in BPH bladders. Relaxation of detrusor contractions induced by acetylcholine required 30-fold higher concentrations of adenosine. Despite VAChT-positive cholinergic nerves exhibiting higher A 1 immunoreactivity in BPH bladders, the endogenous adenosine tonus revealed by adenosine deaminase is missing. Restoration of A 1 inhibition was achieved by favoring (1) ATP hydrolysis with apyrase (2 U mL ) or (2) extracellular adenosine accumulation with dipyridamole or EHNA, as these drugs inhibit adenosine uptake and deamination, respectively. In conclusion, reduced ATP hydrolysis leads to deficient adenosine formation and A 1 receptor-mediated inhibition of cholinergic nerve activity in the obstructed human bladder. Thus, we propose that pharmacological manipulation of endogenous adenosine levels and/or A 1 receptor activation might be useful to control bladder overactivity in BPH patients. -(L-2-phenylisopropyl) adenosine MSR and IS contributed equally to this work.
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Introduction
Detrusor dysfunction associated with bladder outlet obstruction (BOO) has long been considered a key factor in the mechanism through which benign prostatic hyperplasia (BPH) causes persistent lower urinary tract symptoms (LUTS) (reviewed in [1] ). Although there is a lack of information regarding the way obstruction may cause bladder dysfunction, morphologic and functional abnormalities of the bladder detrusor are frequent in patients affected with BPH. Most of these changes can be regarded as a consequence of mechanical stress and hypoxic changes caused by BOO at the molecular level in the epithelium, smooth muscle fibers, extracellular matrix, and neuronal network of the urinary bladder [1] .
Although it is generally accepted that acetylcholine (ACh) acting on smooth muscle muscarinic receptors is the primary effector controlling bladder emptying, neural stimulation of the bladder is only partially inhibited by atropine in many species, including humans [2, 3] . In keeping with the purinergic hypothesis proposed by Burnstock, it is now accepted that ATP is responsible for the atropine-resistant component of parasympathetic contraction of the detrusor [4, 5] . While the purinergic component of detrusor contraction via P2 purinoceptors activation is lacking in healthy humans, it may increase with age [6] and is responsible for up to 40 % of nerve-evoked bladder contractions in pathological conditions, including hypertrophic unstable bladder, overactive detrusor, neurogenic bladder, and interstitial cystitis (reviewed in [7] ).
In patients with idiopathic detrusor instability, appearance of atropine-resistant P2 purinergic tone is related to decreased ecto-NTPDase activity, thus limiting the breakdown of ATP released from bladder nerves or the urothelium [8] . Nonetheless, decreased activity of ecto-NTPDases may also have profound implications for endogenous adenosine formation and P1 receptors activation. Surprisingly, this mechanism has never been explored in the human bladder despite the fact that the adenosine content of human bladder smooth muscle is 6.7 times higher than in the striated muscle and the adenosine/ ATP ratio is 1:9 compared with 1:450 for skeletal muscle [9] .
Previous studies have shown that adenosine partially relaxes pre-contracted urinary bladder detrusor strips exposed to carbachol, acetylcholine (ACh), or potassium depolarization in rats, guinea-pigs [10] [11] [12] [13] [14] , and humans [15] . Besides direct actions of adenosine on P1 receptors located on detrusor smooth muscle fibers, the nucleoside and its analogues may act indirectly by inhibiting nerve-evoked contractions as demonstrated in rats [10, 13, 14, 16] , guinea pigs [14] , cats [17] , and humans [18] . All four subtypes of adenosine receptors (A 1 , A 2A , A 2B , and A 3 ) have been identified in the bladder of experimental animals and humans by RT-PCR analysis; results show that A 2A and A 2B mRNAs are more expressed than A 1 , with the A 3 being the least expressed receptor [19, 20] . Discrepancy between the relative abundance of A 1 and A 2 receptor subtypes in the detrusor [19] may be attributed to their preferential localization on tiny nerve terminals and smooth muscle fibers, respectively [10, 12] , which supports previous pharmacological data obtained in rodents. There are, however, no published reports on subtype distribution of adenosine receptors in the human urinary bladder.
Therefore, this study was designed to investigate the kinetics of ATP catabolism and adenosine formation as well as the role of specific adenosine receptor ligands on electrically evoked [ 3 H]-ACh release and muscle tension in mucosaldenuded detrusor strips, which were collected from men with outflow obstruction due to BPH (patients) and control organ donors. Because RT-PCR results do not necessarily correlate with the presence of functional adenosine receptors on the cell surface, we evaluated the expression of adenosine receptor subtypes in the human detrusor by immunofluorescence confocal microscopy.
Patients and methods

Human detrusor samples
Samples of human detrusor were collected from the bladder dome of 31 male patients (62±6 years of age) with bladder outlet obstruction due to BPH submitted to transvesical prostatectomy and from 23 male organ donors (56±4 years of age) at the time of harvesting organs for transplantation. Bladder outflow obstruction (BOO) and prostate enlargement were confirmed by uroflowmetry and ultrasonography, respectively. Collected samples were immediately placed at 4-6°C in mannitol transplantation solution at 400 mOsm kg ) with Tyrode's solution supplemented with the choline uptake inhibitor, hemicholinium-3 (10 μM). Tritium content was measured by liquid scintillation spectrometry (TriCarb2900TR; Perkin Elmer, Boston, USA) (% counting efficiency=58±2 %) after appropriate background subtraction, using 400-μL bath samples collected automatically every 3 min with a fraction collector (Gilson, FC203B, France). In control experiments, aliquots of matched samples were immediately freeze-dried in liquid nitrogen and preserved at −80°C for subsequent ATP quantification by bioluminescence using the luciferin-luciferase ATP kit HS II (Roche Applied Science, Indianapolis, USA) according to manufacturer's instructions. Luminescence was determined using a multi-detection microplate reader (Synergy HT; BioTek Instruments) [23] [24] [25] .
[ 3 H]ACh release was evoked by two periods of electrical field stimulation (S 1 and S 2 , 200 pulses of 0.5 ms duration delivered at 10 Hz frequency). Therefore, the evoked [ 3 H]ACh release was calculated by subtracting the basal tritium outflow from the total tritium outflow during the stimulation period (see, e.g., [21] [22] [23] ). Likewise, stimulation-evoked release of ATP was calculated by subtracting the basal release, measured in the sample collected before stimulation, from the total release of the nucleotide determined after stimulus application [23] [24] [25] .
Myographic recordings
Detrusor muscle strips without the mucosa were mounted in 10-mL capacity perfusion chambers connected to isometric force transducers. The changes in tension were recorded continuously with a PowerLab data acquisition system (Chart 5, v.4.2; AD Instruments, USA). Tissues were preloaded with 5 mN of tension and allowed to equilibrate for 90 min in Tyrode's solution, at 37°C. To evaluate the inhibitory role of adenosine (0.03-3 mM) and its enzymatically stable analogue, 5′-(N-ethylcarboxamide) adenosine (NECA, 0.3-300 μM), on detrusor strips contractions induced by ACh (10 μM), these drugs were added to the incubation media 6 min before ACh which contacted with the preparations for 2 min before washout of all drugs. Under these experimental conditions, exogenous ACh (0.1-1000 μM) concentration-dependently increased myogenic contractions of detrusor strips from control individuals and BPH patients with a similar potency (EC 50 3 μM); a higher (P<0.05) maximal contraction amplitude was achieved in control preparations (4.74±0.46 mN mg −1 of wet weight, n=8) than in obstructed human bladders (2.64±0.27 mN mg −1 of wet weight, n=14).
ACh, applied in the low micromolar concentration range close to the EC 50 value, has been instrumental to evoke sustained myogenic contractions to investigate the effects of detrusor smooth muscle relaxants (see, e.g., [16, 18] ).
Kinetic of the extracellular catabolism of adenine nucleotides by HPLC
For the kinetic experiments of the extracellular catabolism of adenine nucleotides, detrusor strips without the mucosa were mounted in a 2-mL organ bath. All experiments were performed at 37°C. Preparations were superfused with gassed (95 % O 2 and 5 % CO 2 ) Tyrode's solution. After equilibrium, the preparations were incubated with 30 μM of ATP or AMP (zero time). Samples of 75 μL were collected from the organ bath at different times up to 45 min for HPLC (with UV detection) analysis (LaChrome Elite; Merck, Germany) of the variation of substrate disappearance and product formation [21, 22, 26] . The stoichiometry of ATP and AMP conversion into their metabolites was kept unaltered (30 μM). Considering that the curvilinear decrease of the initial substrate with time is characteristic of first-order kinetics, the half-degradation time was estimated from polynomial fitting of linear semilogarithmic progress curves of the catabolism of adenine nucleotides for each separate experiment (see, e.g., [21] ).
Immunofluorescence staining and confocal microscopy observation
Detrusor strips without the mucosa were stretched in all directions and pinned onto a Petri dish coated with Sylgard®. The strips were then fixed in PLP solution (paraformaldehyde 2 %, lysine 0.075 M, sodium phosphate 0.037 M, sodium periodate 0.01 M) for 16 h at 4°C. Sixteen-micron sections were incubated with selected primary antibodies (Table 1 ) diluted in an incubation buffer (fetal bovine serum 5 %, serum albumin 1 %, Triton X-100 0.3 % in PBS), at 4°C, for 16 h. For double immunostaining, antibodies were combined before application to tissue samples. After washing away unbound primary antibody, the sections were incubated with secondary antibodies in the dark for 2 h at room temperature. Negative controls were carried out by replacing the primary antibodies with non-immune serum; cross-reactivity of the secondary antibodies was tested in control experiments in which primary antibodies were omitted. Specificity of primary antibodies used to target human P1 receptors were all previously validated in heterologous expression systems according to references provided in manufacturers' websites. Finally, tissue samples were mounted on optical-quality glass slides using VectaShield as antifade mounting media (VectorLabs) and stored in the dark at 4°C. Observations were performed and analyzed with a laser-scanning confocal microscope (Olympus FluoView, FV1000, Tokyo, Japan). During documentation of detrusor sections from control and BPH patients, settings on the confocal microscope were kept unaltered to minimize bias.
Drugs and solutions
Acetylcholine, adenosine deaminase (ADA, type VI, 1803 U mL
, EC 3.5.4.4), ATP, ADP, AMP, adenosine, apyrase (from potato, EC 3.6.1.5), erythro-9-(2-hydroxy-3-nonyl)ad enine hydrochloride (EHNA), inosine, hemicholinium-3, ). ZM 241385 and R-PIA were dissolved in 5-and 50-mM stock solutions in DMSO, respectively. All stock solutions were stored as frozen aliquots at −20°C. Dilutions of these stock solutions were made daily and appropriate solvent controls were done.
Presentation of data and statistical analysis
Results are expressed as mean±SD, with n indicating the number of individuals used for a particular set of experiments. Only one experimental procedure (e.g., agonist in the absence and in the presence of the antagonist) was performed per individual. Statistical analysis of data was carried out using Graph Pad Prism 6.04 for Windows software (La Jolla, USA). Paired and unpaired Student's t test with Welch's correction was used for statistical analysis when parametric data was considered. One-way analysis of variance (ANOVA) followed by the Holm-Sidak correction was used for multiple comparisons. P <0.05 (two-tailed) values were considered statistically significant.
Results
Downregulation of ecto-NTPDase1/CD39 and ecto-5′-nucleotidase/CD73 leads to deficient adenosine formation in the detrusor of BPH patients Figure 1 illustrates the kinetics of the extracellular catabolism of ATP (30 μM) and, subsequent, formation of ADP and AMP in mucosal-denuded detrusor strips from control individuals and BPH patients. Extracellular ATP (30 μM) was hydrolyzed with a half-degradation time of 36±5 min (n=6) in control individuals (Fig. 1a) , but the catabolism of the nucleotide was significantly (P<0.05) slower (t 1/2 =73 ± 16 min, n = 5) in detrusor strips from BPH patients (Fig. 1b) . In both groups, the amount of AMP generated in the extracellular milieu was higher (P<0.05) than that of ADP at all time points considered after ATP (30 μM) application (Fig. 1c, d ). This pattern suggests a dominant involvement of ecto-NTPDase1/CD39 (also called ATP diphosphohydrolase or apyrase, EC 3.6.1.5) converting extracellular ATP directly into AMP, removing one phosphate at a time with almost no release of the intermediate ADP. As a matter of fact, the activity of ecto-NTPDase1/ CD39 calculated 5 min after ATP (30 μM) application by (Fig. 1c, d ). Figure 2 shows that extracellular AMP (30 μM) is subsequently dephosphorylated into adenosine, inosine, and hypoxanthine in the human detrusor. Interestingly, hydrolysis of AMP (30 μM) to adenosine and inorganic phosphate by ecto-5′-nucleotidase/CD73 (EC 3.1.3.5) was significantly (P < 0.05) diminished in bladder samples from BPH patients (t 1/2 =79±7 min, n=5; Fig. 2b ) compared to control individuals (t 1/2 =45±4 min, n =5; Fig. 2a) . Impairment of the extracellular AMP (30 μM) catabolism in the detrusor of BPH patients led to a significant (P <0.01) decrease in adenosine formation (Fig. 2d) compared to control individuals (Fig. 2c) ; this difference reached a maximum of 4.14 ± 0.58 μM (n = 5) at 10-min incubation time which diminished thereafter. The decrease in the rate of adenosine formation from extracellular AMP was also accompanied by a deficient generation of inosine resulting from the irreversible deamination of adenosine catalyzed by ecto-adenosine deaminase (ecto-ADA, also known as adenosine aminohydrolase, EC 3.5.4.4) (Fig. 2c, d ). Inosine was then deribosylated by purine nucleoside phosphorylase (EC 2.4.2.1) leading to small amounts of hypoxanthine.
All together, these results indicate that adenosine formation from the extracellular catabolism of adenine nucleotides is Fig. 2 The kinetics of extracellular AMP dephosphorylation is slower in mucosal-denuded detrusor strips from patients with outflow obstruction due to benign prostatic hyperplasia (BPH) as compared to control organ donors (control). AMP (30 μM) was added at zero time to the incubation medium. Samples were collected from the incubation fluid at the indicated times on the abscissa and analyzed by HPLC with UV detection to quantify AMP (filled triangles) and its metabolites, adenosine (ADO, open squares), inosine (INO, filled squares), and hypoxanthine (HX, filled lozenges). Average results obtained from five individuals of each group, control (a, c), and BPH (b, d); the vertical bars represent SD and are shown when they exceed the symbols in size Fig. 1 The extracellular catabolism of ATP is slower in mucosaldenuded detrusor strips from patients with outflow obstruction due to benign prostatic hyperplasia (BPH) as compared to control organ donors (Control). ATP (30 μM) was added at zero time to the incubation medium. Samples were collected from the incubation fluid at the indicated times on the abscissa and analyzed by HPLC with UV detection to quantify ATP (filled circles) and its metabolites, ADP (open lozenges), and AMP (filled triangles). Average results obtained from six control individuals (a, c) and five BPH patients (b, d); the vertical bars represent SD and are shown when they exceed the symbols in size impaired in the detrusor of BPH patients due to deficient activity of both ecto-NTPDase1/CD39 and ecto-5′-nucleotidase/ CD73.
Exogenous NTPDase1/CD39 (apyrase) re-adjusts cholinergic nerve hyperactivity to control levels in the detrusor of BPH patients Electrical field stimulation of detrusor strips increases the outflow of [ 3 H]ACh above the basal level (Fig. 3) . Prevention of the evoked tritium outflow in the absence of calcium (Ca 2+ ∅+EGTA, 1 mM) and in the presence of tetrodotoxin (1 μM ), the enzyme that catalyzes ATP inactivation into AMP bolstering the formation of adenosine, decreased [ 3 H]ACh release from stimulated cholinergic nerves. The inhibitory effect of apyrase (2 U mL −1 ) was more evident (P<0.05) in detrusor strips from BPH patients (18±6 %, n=4) than from control subjects (2±4 %, n=4), i.e., in conditions where extracellular ATP accumulation was higher (Fig. 3) .
Adenosine A 1 receptors located on cholinergic nerve endings play a dominant role to reduce detrusor activity in the human bladder
Despite the observation that adenosine is able to relax precontracted detrusor strips from the human bladder [15] , we found that this is only valid for concentrations of the nucleoside in the millimolar range (Fig. 4) . In our hands, adenosine reduced acetylcholine (10 μM)-induced contractions of BPH patient's detrusor only when it was applied in a 3-mM concentration (Fig. 4b) , but not when the nucleoside was tested in lower (eventually more physiological) amounts (30 and 300 μM). The enzymatically stable adenosine analogue, NECA (0.3-300 μM), which activates preferentially A 2 receptors (IC 50 ∼16 nM), was unable to cause relaxation of the pre-contracted human detrusor (Fig. 4a, b) , notwithstanding the fact that A 2A and/or A 2B subtypes are considered the most expressed receptors in the detrusor smooth muscle [19, 20] . Water solubility limitation precluded the use of millimolar concentrations of NECA. ]ACh release from urothelium-denuded detrusor strips from control individuals (Control, a) and patients with outflow obstruction due to benign prostatic hyperplasia (BPH, b). Tritium outflow (ordinates) is expressed as a percentage of the total radioactivity present in the tissue at the beginning of the collection period (fractional release, %) (see, e.g., [21] ). Abscissa indicates the times at which samples were collected. , closed circles) was added to the incubation media 15 min before S 2 (horizontal bar). The vertical bars represent SD of four different individuals. *P<0.05 (unpaired Student's t test with Welch's correction) represents significant differences when compared to the situation without apyrase. Note that the spontaneous tritium outflow was not changed in the presence of apyrase P<0.05 (unpaired Student's t test with Welch's correction) represents significant differences when compared to control individuals or to the situation where the adenosine analogue was tested in the absence of DPCPX, respectively EC 50 ∼3 μM). The inhibitory effects of NECA (1 μM) and R-PIA (0.3 μM) were of higher magnitude in BPH patients than in control individuals (Fig. 4d) (Fig. 4d) , thus suggesting that A 1 receptors located on cholinergic nerve endings exert a dominant effect to reduce detrusor hyperactivity in the human bladder.
The immunolocalization studies shown in Fig. 5a suggest that A 1 and A 2A are the most expressed receptors in the human detrusor, whereas immunoreactivity of A 2B and A 3 receptors is less evident. Co-localization experiments show for the first time a differential distribution of the A 1 receptor, which is localized preferentially on VAChTpositive cholinergic nerves (Fig. 5b) , whereas the A 2A receptor is diffusely expressed on smooth muscle fibers of the human detrusor (Fig. 5a, panel E) . Interestingly, the A 1 receptor immunolabeling becomes more intense in the detrusor of obstructed BPH patients as compared to control individuals (Fig. 5a, respectively panels A and C) . The relative increase in A 1 receptor immunoreactivity in the -H) , whereas immunoreactivity of A 2B and A 3 receptors is only vestigial (panels I-P). The A 1 receptor immunolabeling is more evident (arrows) in the detrusor of obstructed BPH patients (panel C) as compared to controls (panel A). Scale bars=50 μm. b Colocalization experiments show that the A 1 receptor is localized with VAChT in cholinergic nerve terminals; yellow staining denotes co-localization. Fluorescence intensity plots drawn from lines crossing regions of interest delineated in the overlay image clearly evidence co-localization of A 1 receptors (green) and VAChTpositive (red) cholinergic nerve terminals. c Cross-reactivity of secondary antibodies in control experiments in which primary antibodies were omitted (see Table 1 ). Differential interference contrast (DIC) images are also shown for comparison detrusor of obstructed BPH patients was not evidenced for any other P1 receptor subtype.
Inhibition of adenosine uptake and/or deamination rehabilitates the A 1 receptor inhibitory tonus in the detrusor of BPH patients
To study the net tonic inhibitory effect of endogenous adenosine on [ 3 H]ACh release from stimulated cholinergic nerves of the human detrusor, we tested the effect of adenosine deaminase (ADA, 0.5 U mL −1 ), the enzyme that inactivates adenosine by converting it into inosine [27] . In contrast to apyrase (2 U mL −1 ) that catalyzes ATP metabolism into AMP bolstering the formation of adenosine (see also Fig. 3) , ADA (0.5 U mL −1 ) had virtually no effect (P > 0.05) on evoked [ 3 H]ACh release from the human detrusor (Fig. 6) . Discrepancies between the effects of ADA (0.5 U mL −1 ) and apyrase (2 U mL −1 ) prompted us to evaluate whether the A 1 -receptor-mediated inhibitory control of [ 3 H]ACh release from stimulated cholinergic nerves could emerge by favoring endogenous adenosine accumulation in the human detrusor with dipyridamole (0.5 μM, a nucleoside uptake blocker) [28] or EHNA (50 μM, an adenosine deaminase inhibitor) [29] . These drugs reduced [ 3 H]ACh release from stimulated cholinergic nerve terminals. The inhibitory effects of adenosine uptake and deamination blockers were not significantly (P > 0.05) different in bladders from control individuals and BPH patients (Fig. 6) . Pretreatment with the selective A 1 receptor antagonist, DPCPX (100 nM), abolished the inhibitory effects of both dipyridamole (0.5 μM, 9±6 %, n = 4) and EHNA (50 μM, 7 ± 1 %, n = 5) on evoked [ 3 H]ACh release from detrusor strips of BPH patients, indicating that their effects are indeed mediated by increases in the extracellular concentration of adenosine leading to activation of membrane-bound A 1 inhibitory receptor.
Discussion
It is widely accepted that purines, in particular ATP, are involved in a number of physiological processes in the lower urinary tract. ATP was shown (1) to be a co-transmitter with acetylcholine (ACh) in the parasympathetic control of bladder contraction [30] , (2) to activate sensory nerves during bladder filling conveying both normal and abnormal sensations like urgency and pain [31, 32] , and (3) to participate in the central control of bladder reflexes [33] . However, not so much is known about the effects of adenosine, the breakdown product of extracellular ATP metabolism. First reports of the effect of adenosine in the lower urinary tract suggested that it reduces the tone and spontaneous activity of the guinea-pig urinary bladder [30, 34] .
ATP release from both neuronal and non-neuronal cells (e.g., urothelial cells, interstitial cells, fibroblast-like cells, smooth muscle fibers) and its extracellular metabolism into adenosine has been observed in the urinary bladder of rodents [35] [36] [37] . Roughly 50 % of the extracellular adenosine results from the breakdown of ATP [38] which is currently regarded to be the most important route of generating extracellular adenosine [39] . Using mucosal-denuded human detrusor strips, we show here that in control conditions, the ectoNTPDase1/CD39 enzyme exerts a dominant role converting ATP directly into AMP, which is then sequentially hydrolyzed into adenosine and inosine by ecto-5′-nucleotidase/CD73 and ecto-adenosine deaminase, respectively. Despite the distribution of ectonucleotidase subtypes may present specificities among species and differ within the various layers of the bladder wall, immunofluorescence studies in the mouse showed that ecto-5′-nucleotidase/CD73 is present exclusively in the detrusor smooth muscle together with ecto-NTPDase1/CD39 [37] . Data from a previous study demonstrated that adenosine formation from extracellular ATP is negligible in isolated epithelial cells from the human urinary tract [40] . This layout suggests that biosynthesis of adenosine from released ATP is positioned to favor a more important role of the nucleoside in suburothelial and detrusor muscle layers as compared to the urothelium where ecto-5′-nucleotidase/CD73 is almost absent if one excludes the basal cell layer [37] ; see also preliminary results in the human bladder in [41] . Adenosine is a homeostatic metabolite in most organic systems mainly because it regulates neuronal excitability, vasodilation, smooth muscle relaxation, and release of vasoactive and neuroactive substances [42, 43] ; the nucleoside is also protective against ischemic and inflammatory insults. Therefore, we hypothesized that deficits in adenosine formation from released adenine nucleotides along with lifetime increments of ATP could contribute to detrusor overactivity in BPH patients. Deterioration of bladder neuromodulatory control has been hypothesized to explain the increase on nerveevoked detrusor contractions in obstructed patients [44] . We show here that detrusor strips from BPH patients release higher amounts of ATP and ACh when stimulated electrically. The greater purinergic tone observed in detrusor strips from obstructed BPH patients (see also [45] ) may be partially related to the impairment of ecto-NTPDase1/CD39 activity, thus limiting the breakdown of ATP released from bladder nerves and/or the urothelium, a situation that is in agreement with data from several pathological bladder conditions [8] . In this study, we expanded this concept by demonstrating that decreased activity of ectonucleotidases impacts on endogenous adenosine formation and, thus, on the inhibitory P1 receptors tonus of the human bladder. In parallel to the slower kinetics of the extracellular ATP catabolism, we demonstrated that AMP dephosphorylation leading to adenosine formation via ecto-5′-nucleotidase/CD73 was significantly decreased in bladder samples from obstructed BPH patients as compared to control individuals.
Several authors have shown that adenosine directly relaxes pre-contracted urinary bladder detrusor strips in different species [10] [11] [12] [13] [14] , including humans [15] . However, our results clearly indicate that adenosine-induced relaxation of detrusor contractions requires high (unphysiological) millimolar concentrations of the nucleoside. On the contrary, our findings show that inhibition of nerve-evoked ACh release by adenosine and its stable analogues, NECA and R-PIA, was 30 times more potent than the relaxing effects of the nucleoside on ACh-induced detrusor contractions. Involvement of the A 1 receptor in the inhibitory action of adenosine and its analogues on transmitter release from the stimulated human detrusor was suggested by the selective blockade of their effects with DPCPX. Immunolocalization confocal microscopy data demonstrate for the first time that VAChTpositive cholinergic nerves are endowed with A 1 receptors, whereas the A 2A receptor is diffusely expressed on smooth muscle fibers of the human detrusor. A 1 receptor immunostaining is more intense in the detrusor of obstructed BPH patients as compared to control individuals, which may be caused in reaction to long-term deficits of adenosine formation from the catabolism of released ATP (see above). Thus, upregulation of A 1 receptors on cholinergic nerves innervating the detrusor may contribute to explain the increased inhibitory sensitivity of nerve-evoked [ 3 H]ACh release to exogenous adenosine receptor agonists in bladders from BPH patients. The way adenosine builds its influence to control cells communication depends on the extracellular concentration of the nucleoside, which is achieved by balancing extracellular formation and inactivation mechanisms, both cellular uptake via equilibrative nucleoside transporters and/or extracellular deamination into inosine by adenosine deaminase [46, 47] . Given the disparity between deficits in the adenosine-mediated tone (detected by the lack of effect of ADA on evoked [ 3 H]ACh release) and upregulation of inhibitory A 1 receptors expression in the detrusor of BPH patients, we evaluated whether the A 1 -receptor-mediated control of [ 3 H]ACh release could be rehabilitated by favoring adenosine accumulation with inhibitors of the nucleoside uptake system and adenosine deaminase. We concluded that both dipyridamole and EHNA might be useful for decreasing cholinergic nerve hyperactivity in patients with obstructed bladder due to BPH. Taking into consideration that there are differences in the potency of activation of pre-synaptic A 1 receptors on cholinergic nerves and A 2A receptors on smooth muscle fibers, prolongation of endogenous adenosine lifetime may be clinically safe because it would hardly affect detrusor contractile tension that is essential to overcome outlet pressure during voiding in BPH patients.
Interestingly, in vivo cystometry experiments performed in the rat showed that both NECA and R-PIA administered intrathecally delayed the voiding reflex [48] . Moreover, prolongation of the intercontraction interval without affecting the amplitude of micturition was also observed when A 1 receptor agonists were applied into the lumen of the urinary bladder [49] . Overall, these findings suggest that adenosine controls the micturition cycle by acting predominantly on the nervous circuitry, both central and peripheral, without significantly affecting the voiding pressure that would result in urinary retention.
We are aware of possible limitations of the current study which may be attributed to age-related variance in the bladder cholinergic and purinergic tone among BPH patients (62±6 years of age) and the slightly younger control group (56±4 years of age). Although we did not explore the urological status of control men before harvesting the tissue, care was taken to prevent inclusion of individuals in the control group with a history of LUTS, as far as we could perceive from the clinical records of the intensive care unit and from interviewing close relatives. Yoshida et al. [6] demonstrated age-related increases and decreases respectively in purinergic and cholinergic contractions of stimulated strips of the bladder of patients undergoing total cystectomy due to bladder carcinoma, but they also did not attempt to define if the patients had any kind of bladder dysfunction [6] . We show here that electrical stimulation of detrusor strips from BPH patients release 2.5 times more ATP than control preparations, which is in agreement with the purinergic neurotransmission changes detected in obstructed bladder patients using myographic recordings [50] . Controversy, however, exists concerning the negative correlation between age and the cholinergic neurotransmission [51] because we observed a 1.5-fold increase rather than a decrease in evoked ACh release from the bladder of BPH patients, meaning that age-related changes cannot be the sole factor contributing to modifications in the bladder function among BPH patients and younger controls.
In conclusion, data from this study show for the first time that impairment of ecto-NTPDase1/CD39 activity unbalances extracellular ATP accumulation and endogenous adenosine formation leading to increased neuronal excitation in mucosal-denuded detrusor strips from BPH patients. While extracellular ATP accumulation may contribute to hyperexcitation of suburothelial nerve afferents via P2X3 receptors and to detrusor reactivity via P2X1 subunit-containing receptors, our study demonstrates that deficits in adenosine formation may also play a role in generating symptoms of bladder dysfunction in BPH patients. The loss of the inhibitory tone exerted by prejunctional A 1 receptors on ACh release from stimulated cholinergic nerves in the detrusor may, thus, be a target for therapeutic intervention of bladder dysfunctions associated with outflow obstruction due to BPH. Evidence for the therapeutic potential of adenosine A 1 receptor activation to decrease acetic acid-induced bladder overactivity has been recently gathered using anesthetized rats [49] .
